The genetic variability at six cloned minisatellite loci was analyzed in minke whale populations from the North Atlantic, North Pacific, and Antarctic Oceans. Three loci displayed only a few different alleles in each of the three populations, with heterozygosity ranging from 0.00 to 0.47, and three loci revealed many different alleles in at least two of the three populations, with heterozygosity ranging up to 0.98. Using small sample sizes, samples from two adjacent Antarctic Management Areas were not found to differ significantly in allele frequencies at any of the six loci. The use of principal coordinate analysis to detect multilocus disequilibria was explored. No significant evidence was found of intrapopulation heterogeneity within the pooled Antarctic sample. Pronounced interoceanic differences were observed at every locus, confirming the existence of genetic isolation found earlier using more conventional marker systems. The populations from the three oceans appear to have diverged to such a degree that the hypervariable loci have had time to evolve independently and arrive at different evolutionary stages in different populations. The frequency of undetected "null" alleles is remarkably high in minke whale populations compared to human populations and is probably a result of the cloning protocol used. Minisatellite loci are shown to provide a powerful population genetic tool, supplying levels of resolution appropriate to different degrees of evolutionary divergence.
Introduction
With the heated debate on the resumption of commercial whaling still a burning topic on the yearly agenda of the International Whaling Commission (IWC), there is an urgent need for information on the identity and structure of minke whale (Balaenoptera acutorostrata) populations. Such studies have been hampered in the past by the difficulty of observing whales in the open ocean and by their enormous potential for migration. Moreover, since attempts to tag individuals have proven to be unsuccessful (Horwood 1990) , precious little is known about whales' population biology.
Minke whales are the smallest of the rorquals. They have a worldwide, albeit temporal distribution due to their seasonal migrations between the temperate waters where they breed in the local winter and their feeding areas in polar waters during the local summer. The major populations are separated by geographic and/or physiological barriers. In the Northern Hemisphere, the continents separate whales in the North Atlantic Ocean from whales in the North Pacific Ocean (Horwood 1990) . Between the two hemispheres, too, there is expected to be only limited exchange, since their seasonal migrations keep the respective populations apart (Braham and Rice 1984) . Moreover, although not all animals migrate every year (Hoi-wood 1990) , any animals which do cross the equator will have to change the phase of their breeding and feeding cycle by 6 months.
Much less is known about the identity of the populations within each ocean. In the North Atlantic and North Pacific Oceans, a number of separate subpopulations are currently recognized, yet the boundaries and degree of genetic divergence among these subpopulations are still under study (see Donovan 199 1, for review). In the Southern Hemisphere, six Management Areas have been employed, the delineations of which were essentially arbitrary (Mackintosh 1942 (Mackintosh , 1965 . The breeding locations of minke whales in temperate waters are as yet unknown. Furthermore, knowledge about their behavior on the Antarctic feeding grounds, where they are hunted, is essential for successful management. During the feeding season, a group of whales may either stay together in a more or less defined area or roam through large parts of the Antarctic Ocean. Alternatively, groups may disintegrate temporarily and mix with other groups. There is some evidence from mark-recapture data that fin whales may move around the feeding grounds in groups, mixing with other such groups as they do so (Mackintosh 1965 ) .
While most conventional observational studies have had limited success in answering the above questions, the relatively recent application of genetic markers has proven to be informative. The existence of the major barriers to gene flow, as suggested by morphological evidence (see Hoi-wood 1990 , for review), has been confirmed by frequency differences in allozyme polymorphisms and mitochondrial ( mt ) DNA restriction fragment length polymorphisms (RFLPs) (Hoelzel and Dover 199 1; Wada et al. 199 1; Wada and Numachi 199 1) . The above authors have, however, failed to detect any heterogeneity between two adjacent Management Areas (i.e., Area IV and Area V) in the Southern Hemisphere.
With the discovery of abundant variable number of tandem repeat (VNTR) sequences-the minisatellites (Jeffreys et al. 1985) and the shorter microsatellites (Tautz 1989; Weber and May 1989 )-a host of new polymorphic genetic markers has become available. However, to date studies on the applicability of these markers in population genetic studies have primarily focused on microsatellite DNA sequences (see, e.g., Edwards et al. [ 19921 and Roewer et al. [ 19931 in human and Gotelli et al. [ 19941 and Taylor et al. [ 19941 in nonhuman species) . The present study investigates the potential of an alternative, potentially highly informative locus-specific marker system, the minisatellites, to resolve different degrees of genetic isolation in four samples of minke whales caught from one putative subpopulation in the North Atlantic Ocean, one putative subpopulation in the North Pacific Ocean, and two Antarctic Management Areas (i.e. Area IV and Area V).
Minisatellite sequences are comprised of short motifs (of the order of lo-100 bp) that occur in tandemly repeated arrays at many different genomic locations (Jeffreys et al. 1985 ) . Most mutations at these loci, consisting of gain or loss of repeat units, appear to be neutral and can occur at high frequency relative to the background point mutation rate, resulting in many alleles of different length (Jeffreys et al. 1985) . "Core" sequences within these repeat units may show similarities across a number of unrelated minisatellite loci. This makes it possible to construct probes to visualize the variation at several minisatellite loci simultaneously. In many species this technique reveals a combination of alleles that is effectively unique for the individual (excluding homozygotic twins) and is therefore known as "DNA fingerprinting" (Jeffreys et al. 1985) . Multilocus DNA fingerprinting has provided a powerful tool for the analysis of relatedness in mating systems (Burke 1989 ) . However, previously we (van Pijlen et al. 199 1) have shown that it can be dangerous to draw population genetic conclusions in the absence of data concerning individual loci. To avoid these problems, specific cloned minisatellite loci were used in the present study. To date, specific minisatellite loci have been applied as markers in only a small number of population genetic studies, notably in humans (see, e.g., Balazs et al. 1989 Balazs et al. , 1992 Chakraborty et al. 199 1; Deka et al. 199 1 ), bandicoots Perameles gunnii (Robinson et al. 1993) ) and toads Bufo bufo ( Scribner et al. 1994 ).
Material and Methods

Tissue Samples
Tissue samples of minke whales were obtained from past commercial whaling operations: skin samples from the coast off West Greenland (sample NA, collected throughout the migration seasons of 1980 and 1982, estimated population size N = 3,000 [ Klinowska 199 11) and muscle samples from the western North Pacific (NP, collected throughout the migration season of 1984, N = 10,000 [P. Hammond, personal communication]) as well as Antarctic Management Area IV (AN [ IV] , collected during the feeding season in December 1982) and Area V (AN [ V] , collected during the feeding season in January 1983; combined Antarctic N = 369,000 [ Klinowska 199 11). The locations from which the two Antarctic samples were taken were roughly 1,000 km apart; for a detailed description of all catching locations, see van Pijlen ( 1994) . All samples were stored at -20°C. Population screening was restricted to those of the available samples which had genomic DNA of high molecular weight (~23 kb). This limited the sample size to a total of 87 whales: 21 individuals each from NA, NP and AN(V), and 24 from AN(IV).
Laboratory Procedures
Construction of a Genomic Library
The cloning strategy followed that developed by Armour et al. ( 1990) and Hanotte et al. ( 199 1 ) , as described in more detail by Bruford et al. ( 1992) . For the construction of the minke whale genomic library, 20 pg of genomic DNA from each of 15 minke whales-including 3 individuals from the North Atlantic, 4 individuals from the North Pacific, and 4 individuals from each of the Antarctic Whaling Areas IV and V-was pooled and digested to completion with restriction enzyme Mb01 (Pharmacia). A combination of genomes from all populations was used to increase the number of minisatellite loci represented in the library, so including loci for which some individuals happened to have alleles outside the selected size fraction. Fragments in the size range 4-16 kb were selected, representing the most variable size range in Mb01 multilocus fingerprints in minke whales (van Pijlen et al. 199 1 ) , and purified (Armour et al. 1990; Bruford et al. 1992) . Of this DNA 200 ng was ligated with 1.2 p,g BarnHI-digested charomid 9-36 (36 kb long; Saito and Stark 1986 ) in a total volume of 8 ~1, at an approximate molar ratio of 1: 1 of vector to insert (Armour et al. 1990 ). Half of this ligation mixture was packaged in vitro using Gigapack Plus packaging extract (Stratagene) and propagated by transforming Escherichia coli NM554 cells (Ret A-, Mu A-, Mcr B-) (Raleigh et al. 1988) . The bacteria were grown on Luria-Bertani agar plates containing ampicillin (50 pg/ml). The percentage of recombinants in the library was estimated by isolation and digestion of the DNA from 20 random clones with Sau 3AI and gel electrophoresis. An "ordered array" library containing 3,040 colonies was constructed (Armour et al. 1990; Bruford et al. 1992) .
Isolation of Minisatellite Probes
The library was screened at the multilocus DNA fingerprinting stringency used previously (van Pijlen et al. 199 1) in order to detect a large number of minisatellite sequences. Prehybridization of the library filters was as described by Westneat et al. ( 1988) . DNA probes (Jeffreys' s 33.15 or 33.6; Jeffreys et al. 1985) were radiolabeled by random oligonucleotide priming with [a-32P] dCTP ( 3,000 Ci/mmol) (Feinberg and Vogelstein 1984) . Hybridization of the filters was performed by adding a 0.25-ng/ml probe to the prehybridization solution followed by incubation at 60°C for a minimum of 16 h with gentle agitation. The excess probe was removed at low stringency ( 1 X 15 min in 0.263 M sodium phosphate pH 7.4 , 1% SDS ; 2 X 25 min in 5 X SSC ( 1 X SSC = 0.15 M NaCl, 15 mM trisodium citrate pH 7.0), 0.1% SDS at 6O"C), after which an X-ray film (Fuji RX or Amersham MP) was exposed to the filter. Filters were stripped by incubation in 0.1% SDS at 95 "C, which was subsequently allowed to cool to room temperature.
Single-locus probes were prepared by extracting the recombinant charomid DNAs (Bimboim and Doly 1979; Bruford et al. 1992) . Recombinant vector was digested with Sau 3A1, and, after gel electrophoresis, the genomic insert was purified by electroelution onto dialysis membrane (Bruford et al. 1992) .
Population Screening with Single-locus Probes
Genomic DNA was extracted as described elsewhere (van Pijlen et al. 199 1) . Of each sample 3.5 pg was digested with restriction enzyme Mb01 under con-BRL] ; Birkhead et al. 1990 ) prior to electrophoresis. Lambda DNA cut with Hind111 was electrophoresed in the outer lanes of each gel. Gels were run at a constant 45 V, until fragments < 0.5 kb had migrated off the end of the gel. After electrophoresis, gels were Southern blotted onto nylon membranes (Hybond-N, Amersham), and the DNA was fixed to the filter by UV irradiation (Maniatis et al. 1982) . (Pre-)hybridization and subsequent washes were performed as described by Bruford et al. ( 1992) . Sheared competitor genomic DNA from minke whales was added to the (pre-) hybridization solution to a final concentration of approximately 0.5 ug / ml (Bruford et al. 1992) . Each membrane was hybridized to each of the minisatellite clones in turn, and finally to 10 ng of radiolabeled internal marker probe.
The positively hybridizing clones were initially tested for their ability to detect variability by probing a panel of two NA, two AN( IV), and two AN(V) minke whales at high stringency.
Band Scoring
The single-locus profiles were aligned with the internal marker patterns by means of the faintly hybridizing h/Hind111 fragments visible in the outer lanes of both autoradiographs, as well as the 1.6-kb internal marker fragment which cross-hybridized to the small amount of contaminating charomid vector radiolabeled with each probe. Band positions were measured relative to the internal marker bands. The molecular weight of each minisatellite allele was estimated using linear interpolation between the two neighboring internal marker bands. This does not necessarily produce precise molecular weight estimates but does provide the most accurate method of cross-comparison among lanes and gels; estimations based on such local band comparisons have been shown to be more accurate than full-length curve fitting (Elder and Southern 1987) . Since the electrophoretic conditions were very similar between gels (maximum migration distance difference of 4% ) , alleles were considered to be identical when the difference in their migration distance relative to the nearest internal marker fragment was less than 0.5 mm.
This method was simple and reliable enough to be used for both within-and between-gel comparisons. Each designated allele was numbered in order of increasing size. Individuals carrying a single allele were interpreted as homozygotes, except in population/probe combinations in which homozygotes for null alleles were observed (see below), since in the presence of "null" alleles, true homozygotes and so-called "pseudohomozygotes" (i.e., heterozygotes for a missing allele, which display only one band and are therefore phenotypically identical ditions recommended by the manufacturer and mixed to a homozygote) (Devlin et al. 1990 ) could not be diswith 4 ng of an internal size marker ( 1 -kb ladder [ Gibco tinguished. These cases will be described in Results.
Minisatellite Nomenclature
The clone nomenclature indicates the vector and species (e.g., cBac2: charomid B. acutorostrata 2) (Hanotte et al. 199 1) . The corresponding minisatellite locus names are derived from the probe names-for example, BacMS2, where MS indicates it is a minisatellite locus.
Statistical Analyses
In order to test for differences between the two Antarctic Management Area samples in the allele frequency distributions at each locus, the KolmogorovSmirnov two-sample test was employed using the computer program STATVIEW (Brainpower, Inc., Calabasas, California). This tests the null hypothesis that the two distributions are identical in location and dispersion (Sokal and Rohlf 198 1) . The fixation index FST (Wright 1965 (Wright , 1978 was calculated for all pairwise combinations of populations using the computer program BIOSYS-1 Release 1.7 ( Swofford and Selander 198 1) . The significance of the FST values was determined using the method of Nei and Chesser ( 1983 ) . The inbreeding coefficient FI, was calculated using BIOSYS-1 to test the null hypothesis that the number of heterozygotes observed for each locus did not deviate from the unbiased estimate of the heterozygosity (Nei 1978 ) expected under Hardy-Weinberg equilibrium.
An alternative way of testing for within-sample heterogeneity is to measure the degree of linkage disequilibrium among loci. The combined linkage disequilibrium coefficient A was therefore estimated using the method described by Weir ( 1979) . The null hypothesis that pairwise combinations of loci are in linkage equilibrium was tested by comparing the combined genotype frequencies for the most frequent alleles at each pair of loci with that expected from the separate gene frequencies (Weir 1979) . Unlike other tests for linkage disequilibrium (Hill 1974) , this test does not assume random mating within the population and sample. A goodness-of-fit x2 test was performed if the expected number of individuals for each combined (twin-locus) genotype was at least five ( Sokal and Rohlf 198 1) .
Finally, a principal coordinate analysis was performed on the total data set using the program NTSYS Release 1.50 (Rohlf 1989) . A binary data set was generated for each individual, in which the presence ( 1) or absence (0) of each allele at each locus was assumed to be independent (although in reality limited to a maximum of two scores of 1 per locus) and was defined as a separate character state. Homozygotes were not distinguished from heterozygotes (i.e., they were represented by a single score of 1). The subroutine SIMQUAL in NTSYS performs a comparison between all pairs of individuals and calculates Jaccard' s pairwise similarity coefficient SJ over all characters, neglecting joint absences (Clifford and Stephenson 1975 ) . The subroutine DCENTER was used to transform the similarity matrix into scalar product form, after which it could be factored using the subroutine EIGEN. Finally, graphics subroutine MOD3DG was used to plot the resulting coordinates in a perspective multidimensional space.
Results
Genomic Library
A size-fractionated minke whale genomic library was generated containing a total of 1.2 X lo6 colonies, 33% of which were found to contain an insert (i.e., 6 of 20 random colonies tested). A small proportion of this library was screened for clones containing minisatellites by hybridization to the multilocus probes 33.6 and 33.15 at low fingerprint stringency. Of 178 positively hybridizing colonies (5.9% of the library) detected with the two multilocus probes, 24 clones were purified and tested successfully on whole genomic MboI-digested DNA from a panel of unrelated minke whales. Six loci were subsequently selected for the population studies, on the grounds that they were polymorphic and yielded apparently single loci. Of these, the loci BacMS4 and BacMS5 were much more strongly detected by probe 33.6 than by probe 33.15, while the other four loci were detected equally by both probes (van Pijlen 1994).
Allele Frequency Distributions and Heterozygosity in the Major Oceans
The allele frequency distributions for the six loci in the three major minke whale populations are displayed graphically in figures l-4. The number of alleles observed in each population varied widely across loci. Two classes of allelic variability may be defined: low (BacMS2, BacMSlO, and BacMS34 [ fig. 11 ) and high (BacMS4 [ fig. 21, BacMS5 [ fig. 31, and BacMS4 1 [ fig.  41 ) . Low-variability loci were, within the confines of the sample sizes, characterized by either one or two predominant alleles per population, with a small number of rare alleles occurring in the Antarctic population. It should be noted that all Antarctic individuals were found to contain an extra fragment of approximately 2.83 kb when probed with cBac2 ( fig. 5a ), which can be distinguished from a dimorphic locus ( fig. 5b ) and seems to be diagnostic for the population. This extra fragment may either indicate the presence of an internal restriction site for Mb01 at BacMS2 or an invariant duplication of the locus. Even the rare alleles in this population showed this haplotype, but it was apparently absent in all individuals in the Northern Hemisphere. The heterozygosity at these low variability loci ranged from 0.00 to 0.47 (table 3, below). In contrast, the high-variability loci displayed many differently sized alleles in each of the three populations, with the exception of BacMS4 in the Antarctic sample. Figure 5c and d shows the Mb01 restriction fragment patterns at locus BacMS4 for a number of individuals from populations NP and AN. The heterozygosity at the hypervariable loci ranged up to 0.98 (table 3) .
Null Alleles
Interestingly, for each of the high-variability loci, individuals lacking any detectable alleles were found in at least one of the populations (table 1). These undetectable alleles are most likely to be very small alleles, which contain too few (if any) repeat sequences to hybridize effectively with the probes used. In the subsequent analyses, all such alleles will be referred to as "null" alleles, and all null alleles at a locus will be treated as identical.
Null alleles were inferred in minke whale populations through the observation of individuals with no detectable alleles (null homozygotes) and an excess of apparent homozygotes for rare alleles. The situation is the most obvious for locus BacMS4, as this locus, while being the most polymorphic locus in the two northern populations ( fig. 5 c) , did not yield any detectable alleles in the Antarctic sample ( fig. 5 d) . This was unlikely to be an artifact of probing since samples from the two northern populations on the same filters did hybridize to the probe and the Antarctic samples on the same filters hybridized successfully to all the other probes. In each of the two northern populations, the locus was highly polymorphic but also included null homozygotes. The absence of alleles at these loci is not likely to be caused by degraded DNA in these individuals, as shown by the North Atlantic null homozygote at locus BacMS4 having an allele of length 7.27 kb at locus BacMS4 1 and the North Pacific null homozygote at locus BacMS4 having an allele of length 6.79 kb at locus BacMSS, both larger than the average allele length of 5.31 kb (range 0.9-10.9 kb) at locus BacMS4. The same was true for the Antarctic population at hypervariable loci BacMS5 and BacMS4 1. Where a locus showed null homozygotes in a population, we initially used their frequency to estimate the null allele frequency expected under HardyWeinberg equilibrium. The expected number of null heterozygotes was always greater than the maximum number observed (table 1) . We therefore found the best estimate of the null allele frequency (figs. 2-4) by assuming that all individuals showing a single allele were null heterozygotes.
Comparison of Antarctic Whaling Areas IV and V
The null hypothesis that both samples originated from the same gene pool could not be rejected on the basis of the Kolmogorov-Smirnov two-sample test results, with and without the inclusion of null alleles (table  2) . Therefore, the two samples were pooled into a single Antarctic one (AN) for all further analyses.
Genetic Heterogeneity within Populations
The null hypothesis that each of the samples was drawn from a single, randomly mating population was tested using the inbreeding coefficient Fis (Wright 1965 
NP
5.-quencies in each of the populations with time, which in turn will be reflected in an increase in the fixation index (Fsr ; Wright 1965 Wright , 1978 . Table 5 shows the FsT values per locus and for the total of six loci, calculated between all combinations of populations. The significance of these values was obtained following Li and Horvitz ( 1953) . All FsT values for the three populations combined were highly significant (P < 0.00 1) for all combinations, except for (NA + NP) and (NA + AN) at locus BacMS4 and (NA + NP) at loci BacMS2 and BacMS 10. A principal coordinate analysis was performed (Chatfield and Collins 1980) in an attempt to detect the presence of any multilocus linkage disequilibria. To achieve this, the genetic similarity between all pairs of individuals was calculated using Jaccard' s similarity coefficient (Clifford and Stephenson 1975) . Figure 6 shows a three-dimensional plot of the pairwise similarity among individual minke whales resulting from this fig. 1 ). The horizontal axis indicates the allele size classes with allele length increasing from allele A (left; 0.9 kb) to allele XX (right; 10.9 kb). The presence of null alleles was inferred in all populations. Table 3 shows the values of the observed heterozygosity h, , the calculated unbiased heterozygosity hunb (Nei 1978) ) and the Fis in each of the populations. Fis values were tested for significance using the method of Li and Horvitz ( 1953) . There was no overall significant deviation from zero. The null hypothesis that loci were in linkage equilibrium could only be tested statistically for four locus/ population combinations, since the expected genotype frequencies at the other loci were too small (table 4) . No significant linkage disequilibria were observed. Unfortunately, the sample sizes were inadequate to allow a principal coordinate analysis.
1978).
Genetic Divergence among Populations
If the gene flow between minke whale populations from different oceans is restricted, allele frequencies will fluctuate independently under random genetic drift. This will result in a progressive divergence of the allele fre- analysis. The distance between individual minke whales reflects their genetic similarity. Null alleles at a locus were assumed to be identical. The population identity of each individual was completely defined by its combination of alleles at the six loci. Omitting any null alleles from the analysis did not have any significant effect on the results (data not shown).
Discussion
The Identification of Null Alleles
The most likely explanation for the failure to detect some of the alleles is that the alleles are very short and therefore either have migrated off the end of the gel (i.e., alleles < 0.5 kb) or contain too few repeat units to be visualized using the conventional Southern blot techniques (Armour et al. 1992) . These short alleles are considered to be the beginning or the end stage in the evolution of hypervariable minisatellites (Gray and JefMinisatellite Variability in Minke Whales 465 freys 199 1) . In the following discussion, all undetected alleles will be referred to as null alleles.
No null alleles could be identified for loci BacMSS and BacMS41 in the northern populations, as neither null homozygotes nor an apparent excess of homozygotes for rare alleles were observed. However, this does not exclude the possibility that these samples might contain null alleles at low frequency. The latter might in the future be resolved by sequencing and analysis using the polymerase chain reaction (PCR). Without PCR analysis, it is also impossible to determine whether the undetected alleles are merely alleles that are too small to be detected with conventional techniques but do nevertheless contain a (variable) number of repeat units, or whether they are alleles in which the minisatellite repeat is entirely absent.
Population Genetics Heterogeneity within the Populations
The samples NA and NP are assumed to have been taken from single subpopulations along their migration routes. In contrast, the Antarctic samples have been taken on the feeding grounds and may consist of a mixture of several breeding populations. Therefore, the finding that Areas IV and V do not exhibit significantly different allele frequencies at any of the loci tested does not imply that the two areas contain only one population but rather that the arbitrary boundary does not reflect an existing population boundary.
The possibility that the samples include amalgamated populations can be investigated by testing for any disequilibrium among alleles within the pooled population, be it among alleles within a locus (Hardy-Weinberg disequilibrium) or among two or more loci (gametic phase or linkage disequilibrium). Tests of discordance from Hardy-Weinberg equilibrium are of very limited power in detecting deviations from panmixia, especially where there are large numbers of alleles. Weir' s ( 1979) composite measure of disequilibrium, A, was used because it does not assume random mating. However, its calculation is only practical for two allelic classes at two loci at a time. Principal coordinate analysis provides an alternative way to visualize linkage disequilibrium between alleles at two or more loci, and it has the advantage of using all data at all loci simultaneously. This method is therefore potentially powerful for detecting intrapopulation heterogeneity, although the small sample sizes, in combination with the large number of alleles per locus, greatly limited its utility in the present study. For example, the apparent separation within the Antarctic sample was due only to the presence or absence of one common allele which was not apparently in disequilibrium, in this case the null allele at locus BacMS5 ( fig. 6 ). 
Genetic Divergence among Populations
There is already considerable genetic evidence that gene flow between minke whale populations from the Northern and Southern Hemisphere is rare (Hoelzel and Dover 199 1; Wada and Numachi 199 1; Wada et al. 199 1) . The results of the present minisatellite study confirm the high levels of divergence among the three populations, found above. In contrast to the study of Hoelzel and Dover ( 199 1) using mtDNA, however, in this case the largest separation was found between the two hemispheres. This was reflected by significant FsT values at five and six of the six loci between the Antarctic and the North Atlantic and between the Antarctic and the North Pacific populations, respectively, versus only three of the six loci among the two northern populations. It should be noted, though, that these results were based on the unavoidable assumption that electrophoretically indistinguishable alleles at a locus (including null alleles) were identical. This may have caused FsT estimates to be slightly overestimated at loci which display null alleles which might not be identical. The FsT of 0.24 for the North Pacific and Antarctic population in the present study, however, is small compared to the FsT of 0.56 calculated for two North Pacific and one Antarctic minke whale population on the basis of allozyme loci (Wada and Numachi 199 1) . This is consistent with the expectation that the FsT among the same populations will be smaller for loci, such as minisatellites, which have a higher mutation rate (Scribner et al. 1994) . For this reason, FsT values based on different markers should not be compared across populations or species.
Further evidence of the high levels of genetic divergence among populations is given by the fact that the populations often have different major allele classes at a locus. The same observation had been made for allozymes (Wada and Numachi 199 1). The most remarkable difference is an apparently fixed internal restriction site at locus BacMS2 in the Antarctic population, which was not found in any of the Northern Hemisphere individuals. The difference at locus BacMS4 was also considerable but less complete, since four North Atlantic individuals and one North Pacific individual shared the null allele class with the Antarctic population. Although less pronounced than the divergence between minke whales from the two hemispheres, the divergence between the North Atlantic and North Pacific populations was still considerable, with significant FsT values at half of the loci tested.
The above results are consistent with previous indications that migration among the three oceans is very rare (Hoelzel and Dover 199 1; Hoi-wood 1990; Wada and Numachi 199 1; Wada et al. 199 1) . In combination with the large genetic distances among the three populations found using mtDNA and allozyme polymorphisms and the consistent morphological differences found between the two hemispheres (Horwood 1990) ) the degree of genetic divergence found in the present study supports the view (reviewed in Wada and Numachi 199 1) that minke whales from the two hemispheres should be given the status of full species.
Molecular Evolution of Null Alleles
Gray and Jeffreys ( 199 1) analyzed two minisatellite loci in several primate taxa and concluded that their hypervariability in humans was attained in a relatively short evolutionary time span. On the basis of these observations, the authors developed a hypothesis on the evolution of hypervariability in minisatellites by computer simulation. In the first or "lag" phase, an initial duplication (two repeats) may be followed by gain or loss of a repeat. By chance, a minority of alleles will gradually gain in repeats (the "gain" phase) and will eventually show a transient phase of high numbers of repeat units, accompanied by hypervariability (the "dwell" phase). In time, during the "decay" phase, a number of alleles may lose the majority of their repeat units, resulting in very small alleles. If these alleles display a much reduced mutation rate, they will act as traps and will eventually replace all larger alleles ("extinction" phase). Because of the assumed high mutation rate in the hypervariable state, the chance of collapse to a very small allele is expected to be relatively high at this stage, and the eventual decay of hypervariability at a minisatellite locus is likely to involve multiple independent collapses, thus creating several small alleles that are identical by state but not by descent. Alternatively, the original small allele may persist and go ultimately to fixation. The above model assumes that the insertion / deletion rate at minisatellite loci is positively correlated with the number of repeat units. More recent studies have questioned the nature of this relationship (Jeffreys et al. 1994 ) but do not exclude the possibility that the mechanisms which cause gain and loss of repeat units at minisatellite loci require a minimum number of repeats to operate, so that in very short alleles the mutation rate may still be significantly reduced.
relative frequency of this class of alleles seems to be much higher than in humans, in which only 2 of a total of 48 polymorphic minisatellite loci isolated in one laboratory have been shown to contain them (Armour et al. 1992) . Roughly identical methods of minisatellite isolation were used in both the human and minke whale study, except that the minke whale genomic library consisted of a mixture of size-fractionated DNA from three widely diverged gene pools. Hence, it was possible to isolate a locus from one population and subsequently to use it to screen other populations in which the locus was largely represented by alleles which are different in size from the cloned fraction. If only one population had been used, the cloning procedure would have been biased against cloning loci at which nulls were at high frequency.
Hypothetical Evolutionary Routes Leading to the Observed Null Allele Frequencies
Null alleles were present in the Antarctic population at three of the six minisatellite loci studied to date. The There are two possible pathways by which the observed distributions of null alleles at the three hypervariable loci may have evolved. No one explanation need apply to all three loci. First, the null alleles may represent the ancestral state of the locus (the lag phase in Gray and Jeffreys' s [ 199 1 ] terminology) and have persisted in the populations at different frequencies. Second, hyper- . .
BacMSS-BacMS34
. . . .
BacMSS-BacMSlO
. . .
BacMS41-BacMS34
. NOTE.-The letter m indicates that one locus of the pair was monomorphic; a dash (-_) indicates that the expected genotype frequencies for some of the classes were much less than five; an asterisk (*) denotes significance at the 5% confidence level. evolution of two highly polymorphic human minisatellite loci (Gray and Jeffreys 199 1) . This rapid evolution to a hypervariable state in the two northern populations will be consistent with the human model if the effective size of these minke whale populations is considerably smaller than that of the human population, or the mutation rate at locus BacMS4 is higher than the rate estimated for the human minisatellite loci MS 1 and MS32, or the number of generations since the divergence of the northern and southern minke whales is actually larger than the estimated 10,000 generations. The latter explanation is likely to be at least partly responsible if there has been selection pressure at some allozyme loci.
Loci BacMSS and BacMS41 in the Antarctic population may include both ancestral and derived null alleles. Given that the population size in the Antarctic is large and the mutation rates at these minisatellite loci will be high, it is likely that multiple null alleles will have arisen and coexist in the population.
Conclusions
Polymorphic VNTR loci potentially provide highly informative population genetic markers. These loci are characterized by large numbers of alleles and intermediate to high heterozygosities, contrasting markedly with substitution polymorphisms detected as allozymes, RFLPs, or other sequence variants. However, only a handful of studies have so far investigated the utility of VNTR loci in population analyses. Of the two classes of VNTR loci, the minisatellites and microsatellites, the former generally show higher numbers of alleles and potentially higher degrees of variability. Indeed, it has been suggested that they might be too polymorphic to have general applicability in population genetics (Burke et al. 199 1) . This study of minke whales has shown that this conclusion was probably premature.
In the study reported here, we investigated six minisatellite loci. The loci were highly heterogeneous with respect to the numbers of alleles detected and their heterozygosity. Collectively, this relatively small number of loci was highly effective in quantifying the divergence among the studied populations; different sets of loci were appropriate to resolving different levels of divergence. The conclusions concerning these populations were corroborated by those made previously based on other marker systems.
Null alleles were a particularly obvious feature of the minisatellite loci analyzed here. While nulls are less frequent at allozyme loci (Langley et al. 1974) , they are certainly widespread and are also prevalent at microsatellite loci (Callen et al. 1993) . When the frequency of null alleles is low, their occurrence will tend to be underappreciated since null homozygotes will be rare. The effects of unidentified null alleles on estimates of population genetic parameters do not seem to have been thoroughly investigated. However, in this study, genotypes containing null alleles seemed to be ascertained fairly accurately, so that they were probably not detrimental to the analyses.
The results obtained here show that a random set of minisatellite loci can indeed provide a powerful population genetic tool, providing levels of resolution appropriate to different degrees of evolutionary divergence. In particular, this study indicates that the analysis of larger samples using these loci should prove invaluable in addressing the urgent question of whether there is biologically important substructuring within the minke whale populations of the world' s oceans.
